ABSTRACT: An experiment was conducted to determine the effects of dietary Cu on performance, carcass characteristics, and muscle fatty acid composition in meat goats. Thirty five Jianyang Big-ear goat (JYB) kids (average BW 20.3 ± 0.6 kg and age 3 to 4 mo) were stratified by weight and randomly assigned to 1 of 7 experimental treatments (n = 5 goats per treatment). Treatments consisted of: 1) control (no supplemental Cu; 14.3 mg Cu/kg DM), 2) 20 mg supplemental Cu/kg DM, 3) 40 mg supplemental Cu/kg DM, 4) 80 mg supplemental Cu/kg DM, 5) 160 mg supplemental Cu/kg DM, 6) 320 mg supplemental Cu/kg DM, and 7) 640 mg supplemental Cu/kg DM. Copper was supplemented from CuSO 4 •5H 2 O (25.2% Cu). Goats were individually fed a concentrate-hay based diet for 96 d. Performance was not affected by Cu concentration. Liver Cu concentration was increased (P < 0.01) with Cu supplementation. Goats supplemented with 0 or 20 mg Cu/kg DM had lower (P < 0.01) liver Cu concentrations than the other treatments. Backfat depth (P < 0.01) and intramuscular fat (IMF) content (P < 0.01) were also increased with Cu supplementation. However, Cu-supplemented goats had lower (P = 0.04) longissimus muscle area (LMA) compared with control. Dietary Cu supplementation increased the percentage of C14:0 (P < 0.01), C20:4 (P < 0.01), and total polyunsaturated fatty acids (P = 0.03), decreased C18:1 trans (P = 0.04), and tended to decrease C18:0 (P = 0.08) in LM. Other fatty acids detected were not affected by dietary Cu supplementation (P > 0.10). These results indicate that JYB goats can tolerate up to 640 mg Cu/kg DM for 96 d without adverse effects on performance, but fat deposition and fatty acid composition in the body could be altered by Cu supplementation as low as 20 mg/kg of diet with high concentrate-hay. Copper supplementation increased backfat depth, IMF, and percentage of polyunsaturated fatty acids in LM and decreased LMA in the carcass of JYB goats.
INTRODUCTION
Copper toxicity varies greatly among species, with sheep being more sensitive than other agricultural animals (NRC, 2005) . Research clearly indicates that goats can tolerate greater Cu concentrations than sheep (NRC, 2005) . However, the concentration of Cu that goats can tolerate without adverse effects is not well defined. Copper poisoning has been observed under field conditions in angora goats (Humphries et al., 1987; Belford et al., 1989) and induced in goats by daily administration of an aqueous solution of CuSO4 providing 10 mg Cu/kg BW for 56 to 113 d (Soli and Nalstad, 1978) or by intravenous injection of 2.5 mg Cu/kg BW (Wang et al., 1992) . However, the amount of Cu exposure from feedstuffs was not determined in these studies.
Feeding high concentrations Feeding high concentrations of supplemental Cu has altered lipid and cholesEffect of copper on performance, carcass characteristics, and muscle fatty acid composition of meat goat kids 1 Y. L. Huang,* 2 Y. Wang,* J. W. Spears, † X. Lin, † and C. H. Guo* terol metabolism in broilers (Pesti and Bakalli, 1996) and finishing pigs (Amer and Elliot, 1973) . Recent research suggests that dietary Cu at physiological concentrations may affect lipid metabolism in ruminants, but results are inconsistent (Engle, 2011) . The addition of 20 or 40 mg Cu/kg DM Cu to basal diets has decreased backfat depth and increased unsaturated fatty acid concentrations in longissimus muscle in finishing cattle (Engle and Spears, 2000; Engle et al., 2000a Engle et al., , 2000b and lambs (Cheng et al., 2008) , but 10 or 40 mg Cu/kg DM given to Simmental steers had no effect (Engle and Spears, 2001 ). However, 10 or 40 mg Cu/kg DM given to Simmental steers fed a corn silage and soybean meal-based diet had no effect on performance, carcass characteristics, and lipid or cholesterol metabolism (Engle and Spears, 2000) . Limited research has evaluated the effect of dietary Cu on lipid metabolism in goats. Solaiman et al. (2006) 
MATERIALS AND METHODS
All animal procedures described herein were approved by the Chinese Southwest University for Nationalities Animal Care and Use Committee.
Animals and Diets
Thirty-five Jianyang big-ear male goat (JYB) kids (average BW 20.3 ± 0.6 kg and age 3 to 4 mo) were used. The JYB goat was developed from crossbreeding Nubian with Chinese local breeds. On arrival, and 2 wk into the experiment, all animals were dewormed with Cydectin (moxidectin; Fort Dodge Animal Health, Fort Dodge, IA), vaccinated with Clostridium perfringens type C and D-Tetani Bacterin-Toxoid (Bayer Corp., Animal Health, Chengdu, China), and treated for external parasites with CoRal 1% dust (Dale Alley Co., ST. Joseph, MO). The animals were castrated and injected with Liquamycin LA-200 (Pfizer Animal Health, Exton, PA) by a licensed veterinarian. Goats were housed individually in 1.9-by 2.1-m pens and were quarantined for a period of 30 d, during which time goats were gradually adjusted to a concentrate-hay basal diet.
Goats were then weighed on 2 consecutive days, stratified by BW, and assigned randomly to 1 of 7 experimental treatments (n = 5 goats per treatment): 1) control (no supplemental Cu), 2) 20 mg supplemental Cu/kg DM, 3) 40 mg supplemental Cu/kg DM, 4) 80 mg supplemental Cu/kg DM, 5) 160 mg supplemental Cu/kg DM, 6) 320 mg supplemental Cu/kg DM, and 7) 640 mg supplemental Cu/kg DM. Copper was supplemented as reagent grade CuSO 4 •5H 2 O (25.2% Cu). Pelleted total mixed rations (TMR) were formulated to meet or exceed all nutrient requirements for goats with the exception of Cu (NRC, 1981) . Ingredient and chemical composition of the basal diet is presented in Table 1 . The control diet contained 14.3 mg Cu/kg DM. A single batch of basal feed was mixed and divided into 7 aliquots which were mixed with the appropriate amount of Cu individually according to the experimental treatment. Goats were individually fed the experimental diets for 96 d. Feed was offered twice daily (0900 and 1700) in quantities sufficient to allow ad libitum access to feed. Fresh water was provided daily.
Sample Collections
At the end of the study, final BW was measured on 2 consecutive day, and all goats were slaughtered after an overnight period of feed withdrawal. A liver sample was obtained from each animal postmortem and frozen (-20°C) until it was analyzed for Cu concentration. The HCW was determined on the day of slaughter and was used to determine dressing percentage (HCW/live BW). Fat depth over the longissimus muscle (between the 12th and 13th ribs), and longissimus muscle area (LMA) were determined 48 h after slaughter. A LM sample was then sliced from the ninth to 11th rib interface of the right side of the carcass. One subsample of LM was frozen (-20°C) for intramuscular fat (IMF) analysis. The other subsample of LM was flash-frozen in liquid N, and then stored at -80°C until used for determination of fatty acid composition.
Copper Concentration
Copper concentration in diets, water, and liver were determined by inductively coupled plasma emission spectroscopy (Model Iris Intrepid II, Thermal Jarrell Ash, Waltham, MA) using the method reported by Huang et al. (2009) .
Intramuscular Fat
Each sample was analyzed in triplicate for etherextractable lipid content by method 960.39(a) of the AOAC (1990) . Longissimus muscle samples were thawed, diced into small pieces, mixed thoroughly, and then randomly sampled. Samples of LM were dried at 65°C for 24 h, ground in a stainless steel laboratory mill fitted with a 0.45-mm stainless steel screen. A 1.3-g sample of LM was weighed, dried at 105°C for 8 h, cooled in a desiccators, weighed, wrapped with a degreased filter paper of known weight, and extracted with petroleum ether (EMD, Gibbstown, NJ) for 6 h on a Tekator analyzer (AB Soxtec 2050, Foss Tekator, Sofia, Bulgary). After extraction, the lipid-degreased fraction was dried at 105°C for 5 h, cooled, and weighed. Intramuscular fat was reported as the percentage of extracted fat of the LM (dry weight).
Fatty Acid Isolation and Derivation of Methyl Esters
The LM was dissected and any visible external fat was removed. Representative subsamples of approximately 2.5 g were taken for lipid extraction using a 2:1 solution of chloroform-methanol, according to the procedure described by Folch et al. (1957) . The lipid fraction was dried under N 2 , and fatty acid methyl ester derivatives were prepared by methylation of the fatty acids using the trifluoroboride (Sigma, St. Louis, MO) method described by Morrison and Smith (1964) .
Gas Chromatography-Mass Spectrometry
Gas chromatography was performed with a Agient 7890A-5975C gas chromatograph (Agient Technology Inc., Santa Clara, CA) using a HP-5 MS column (30 m × 0.25 mm × 0.10 µm). The temperature was held at 160°C for 2.5 min, then increased from 160 to 220°C at 5°C/ min, and then increased from 220°C to 230°C at 8°C/min. The final temperature was held for 1 min. The temperature of the injector and detector were maintained at 250 and 300°C, respectively. The carrier gas was He (1 mL/ min), and the split ratio was 1:50. Mass spectrometry was performed on a MicroMass mass spectrometer connected to a Mass-Lynx data system (Water's Corp., Milford, MA). Electron ionization mass spectra were recorded at an ionization energy of 70 eV. Peak detection and area integration were achieved by using the Mass-Lynx software equipped with the Sowitzki-Golay integration (Water's Corp., Milford, MA). Fatty acid identification was obtained through comparing the linear retention time and mass spectra at the apex of a particular peak to those of the standards and confirmed by using the NIST mass spectra library v. 2.0 (NIST, Boulder, CO). Mixtures of fatty acid methyl esters (Alltech Associates Inc., Deerfield, IL) were used as standards. The standards were chosen as suitable for mass spectrometry but contained an incomplete range of positional isomers for C18:2 fatty acids.
Statistical Analysis
Data were analyzed as a completely randomized design (CRD) using the Proc MIXED procedures of SAS (SAS Inst. Inc., Cary, NC) with a model that included the effect of Cu concentration as main effect. Pen was the experimental unit. A probability of P < 0.05 was accepted as statistically significant, although mean differences with P-values between 0.06 and 0.10 were accepted as a tendency, and results were discussed accordingly. Power tests for the measurements with significant treatment differences were conducted using Proc power procedures of SAS at a level of P < 0.05.
RESULTS AND DISCUSSION

Performance
Average daily gain (P = 0.22), ADFI (P = 0.99), and G/F (P = 0.48) of goats were not affected by Cu concentration (Table 2 ). This suggests that the basal diet, which contained 14.3 mg Cu/kg DM, was sufficient to meet the nutritional Cu requirements of JYB meat goats. Liver Cu concentrations at the end of the study (Table  3) were also consistent with goats fed the control diet having adequate Cu status (Suttle, 2010) . In agreement with the present study, Zervas et al. (1990) reported that Cu supplementation (30 or 60 mg Cu/kg DM) to a basal diet containing 7.8 mg Cu/kg DM did not affect gain or feed intake in native breed Greece kids during a 140-d study. The addition of 10 or 30 mg Cu/kg DM to a basal diet containing 6.2 mg Cu/kg DM also did not affect performance of Boer ´ Brush kids during an 88-d study (Luginbuhl et al., 2000) . Solaiman et al. (2006 Solaiman et al. ( , 2007 supplemented Boer ´ Spanish kids with 0, 100, or 200 mg Cu/d via gelatin capsule. The control diet used in this study contained 14 mg Cu/kg DM, and based on ADFI, kids supplemented with 100 and 200 mg Cu/d received 103 and 197 mg Cu/kg diet DM. Goats given 100 or 200 mg Cu/d had lower ADFI than control kids. However, goats receiving 100 mg Cu/d had greater G/F and tended to have greater ADG than goats receiving 0 or 200 mg Cu/d. In addition to its essential roles in metabolic processes, Cu can also produce pharmacological responses under certain conditions that may improve animal performance. The performance response to Cu in this study (Solaiman et al., 2006 (Solaiman et al., , 2007 may have been a pharmacological rather than a physiological response. It is well documented that pharmacological concentrations in the range of 125 to 250 mg Cu/kg diet DM can stimulate growth and feed efficiency in pigs and poultry (NRC, 2005) . Use of high dietary Cu as a possible growth stimulant has received little attention in ruminant because the risk of Cu toxicosis is greater in ruminants (especially sheep) than in nonruminants. However, limited research indicates that high dietary Cu may stimulate growth in calves (Felsman et al., 1973) . High dietary Cu could also improve performance of goats by reducing their parasite load. Copper oxide wire particles have been shown in be effective in controlling parasitic infections in goats, especially Haemonchus contortus (Chartier et al., 2000) . Early research also indicated that a 1% CuSO 4 solution could be used as an anthelmintic in sheep when given orally at 50 to 100 mL (Hall and Foster, 1918) . Burke and Miller (2008) reported that supplementing CuSO 4 in a concentrate mix or trace mineral salt mix was ineffective in controlling gastrointestinal nematodes in goats. However, the highest concentration of Cu provided in this study (approximately 40 mg Cu/d) was much lower than the 100 mg Cu/d used by Solaiman et al. (2006) to improve G/F.
Liver Copper Concentration
Liver Cu concentrations were not increased (P > 0.05) by the addition of 20 mg Cu/kg DM to the basal diet (Table 3) . Goat kids supplemented with ³40 mg Cu/ kg DM had greater (P < 0.01) liver Cu concentrations than those supplemented with 0 or 20 mg Cu/kg DM. Liver Cu was similar in goats supplemented with 40, 80, or 160 mg Cu/kg DM, suggesting that within this range, goats were able to regulate liver Cu concentrations. Goats supplemented with 320 mg Cu/kg DM had greater (P < 0.01) liver Cu concentrations than goats receiving lower concentrations of Cu, and supplementation with 640 mg Cu/kg DM further increased (P < 0.01) liver Cu concentrations. The power estimated on the liver Cu concentration was 0.86, indicating that the probability of a true difference declared correctly is 86%.
Liver Cu concentrations were measured on a fresh tissue basis in the present study. To compare liver Cu values to previous studies, liver Cu concentrations were calculated on a DM basis using the liver DM value. Kids fed the control diet (14.3 mg Cu/kg) had liver Cu concentrations (240.3 vs. 206 mg Cu/kg DM) similar to those observed by Solaiman et al. (2006) in kids fed a basal diet containing 13.8 mg Cu/kg DM. Other studies have reported lower liver Cu concentrations (87.4 and 67.5 mg Cu/kg DM) in goat kids fed basal diets containing 6.2 (Luginbuhl et al., 2000) and 7.8 mg Cu/kg DM (Zervas et al., 1990) . The incremental increases in liver Cu with increasing concentrations of supplemental Cu within the range of 0 to 40 mg Cu/kg DM were similar to those observed in native bred Greece kids (Zervas et al., 1990) and Boer ´ Brush kids (Luginbuhl et al., 2000) .
The high concentrations of supplemental Cu (320 and 640 mg/kg) evaluated in the present study did not affect performance. Furthermore, liver Cu concentrations in goats supplemented with 640 mg Cu/kg DM did not reach concentrations (1000 mg Cu/kg DM or greater) generally associated with Cu toxicosis in sheep (NRC, 2005) . This suggests that JYB meat goats can tolerate diets supplemented with up to 640 mg Cu/kg DM for 96 d without adverse effects on performance. Solaiman et al. (2001) dosed Nubian female goats with varying amounts of Cu via gelatin capsule. Goats administered ³600 mg Cu/d in this study exhibited excessive thirst, diarrhea, dehydra- 
Carcass Characteristics
Hot carcass weights were not affected by dietary Cu (Table 4) . Similar to previous reports in steers (Engle and Spears, 2000; Engle et al., 2000a Engle et al., , 2000b and lambs (Cheng et al., 2008) dressing percentage also was not affected by dietary Cu in the present study. In contrast, Boer ´ Spanish goats given 200 mg Cu/d for 112 d tended to have a lower dressing percentage than those fed the control diet containing 13.8 mg Cu/kg DM (Solaiman et al., 2006) . Backfat, measured at the 12th rib, was lower (P < 0.01) in control goats compared with those supplemented with Cu. Furthermore, backfat was lower (P < 0.01) in goats supplemented with 20 mg Cu/ kg DM than in goats receiving greater concentrations of Cu. The power computed on the back fat was 0.99. Increased backfat thickness can be partially explained in the study reported by Sinnett-Smith and Woolliams (1987) , in which Cu supplementation to sheep grazing pastures low in Cu increased cell volume in subcutaneous adipose tissue. However, Cu supplementation at varying concentrations has decreased backfat in cattle (Engle, 2011) , goats (Solaiman et al., 2006) , and lambs (Cheng et al., 2008) . Goats fed the control diet had greater (P < 0.05) LMA than those supplemented with Cu, but LMA did not differ among the different Cusupplemented treatments. In previous studies with goats (Solaiman et al., 2006) , lambs (Cheng et al., 2008) , and cattle (Engle, 2011) , Cu supplementation has not affected LMA. Goats supplemented with ³40 mg Cu/kg DM had greater (P < 0.01) IMF than control goats (Table 3) . Lipid percentage in LM also was greater (P < 0.01) in goats supplemented with 320 or 640 mg Cu/kg DM compared with those receiving 20 mg Cu/kg DM. The powers obtained from the power test on IMF and LM were 0.97 and 0.99, respectively. This study is the first to investigate the effects of dietary Cu on IMF in goats. In studies with finishing steers, Cu supplementation has not affected IMF (Engle and Spears, 2000; Engle et al., 2000a Engle et al., , 2000b . It is unclear why JYB goats used in the present study responded differently to Cu supplementation than Boer ´ Spanish goats (Solaiman et al., 2006) in regard to backfat, and LMA. It is likely that the breed (or genetic line) affected the response of goats to dietary Cu, although this has not been tested directly. It is well documented that Cu metabolism varies greatly among different breeds of sheep (NRC, 2005) . The ingredient composition of the experimental diets, the method of Cu administration (gelatin capsule vs. diet) and sex (wethers vs. males) also differed between the present study and the previous study (Solaiman et al., 2006) , and may have contributed to the contrasting results.
Fatty Acid Composition
Copper supplementation at concentrations of ³40 mg/kg DM increased (P < 0.01) percentage of C14:0 in LM (Table 5 ). The power values calculated for C14:0 was 0.97. Goats supplemented with 20 mg Cu/kg DM tended (P = 0.06) to have a greater percentage of C14:0 in LM than control goats. The greater C14:0 in LM of Cu-supplemented goats is consistent with the greater percentage lipid in LM, as C14:0 has been considered a marker for lipogenesis (Murray et al., 1996) . Copper supplementation decreased 18:1 trans isomer (P = 0.04) and tended to decrease the 18:0 (P = 0.08) and increase18:2 (P = 0.06) percentages in LM (Table 4) . The increased 18:2 in Cu-supplemented goats suggests that Cu may have an effect on ruminal biohydrogenation. Goats supplemented with Cu had greater (P < 0.01) C20:4 in LM than control goats. Total percentage PUFA in LM were greater (P < 0.05) in goats supplemented with 20, 40, 160, 320, or 640 mg Cu/kg DM compared with control goats. Goats supplemented with 80 mg Cu/ kg DM tended (P = 0.06) to have greater total PUFA than control goats. The power values calculated for C20:4 and PUFA were 0.99 and 0.99, respectively. The greater percentage of total PUFA in Cu-supplemented goats is consistent with studies in finishing cattle where supplementing 10 to 40 mg Cu/kg DM increased PUFA in LM (Engle and Spears, 2000; Engle et al., 2000a Engle et al., , 2000b . However, no PUFA change was found in wether lambs supplemented with 0, 10, or 20 mg Cu/kg DM (Cheng et al., 2008) or Boer ´ Spanish wether goat kids supplemented with 0, 100, or 200 mg Cu/d (Cummins et al., 2008) . Further research is needed to determine the role of Cu on the fatty acid composition of LM in goats.
In summary, Cu supplementation to a concentratehay based diet at concentrations up to 640 mg/kg DM did not affect performance of goat kids during a 96-d study, but the supplementation could change carcass characteristics and impact meat quality of goats at the concentration as low as 20 mg of kg of the diet. Copper supplementation significantly increased backfat depth, IMF, and percentage of polyunsaturated fatty acids in LM, and decreased LMA. These results indicate that Cu supplementation in concentrate-hay diets modify the fatty acid metabolism and fat deposition in the tissues of JYB goats. e,f Means within a row without a common superscript letter tend to be different (P < 0.10).
LITERATURE CITED
-----------------------% by weight -----------------------
1 Each value represents the mean of 5 individually housed animals.
2 SFA = sum of all SFA identified; MUFA = sum of all MUFA identified; PUFA = sum of all PUFA identified.
3 Supplemental Cu was provided as reagent-grade CuSO 4 •5H 2 O.
